Introduction
Cardiac glycosides evoke positive intropic effect on the heart through inhibition o f the N a +,K +-pump. This inhibitory effect is accompanied by bind ing o f these drugs to the N a +,K +-ATPase. Binding of ouabain the most commonly used cardiac glycosi de, has been dem onstrated in the presence o f Mg2+ and inorganic phosphate or in the presence o f ATP and N a+ [1 -4] . Since both pathways lead the for mation of a phosphoenzyme [5, 6 ] it was suggested that both are functionally related to the inhibitory action of ouabain on A TP-splitting [5 -7] . In this paper Mg2+ and Pj supported ouabain binding was studied in a preparation o f plasma m em brane vesi cles isolated from sheep kidney medulla. These vesi cles supposedly are tight for ligands of the N a +, K +-ATPase such as N a+ or ATP. This assumption is based on the observation that leak producing agents were able to activate A TP-splitting and phosphory lation [8 ] . Activation o f the phosphorylation by N a + was slow (time constant of several m inutes) although ATP was allowed to react with the enzyme for 5 sec only [9] as if N a + had to penetrate to the interior of possibly existing inside-out vesicles to exert its actiAbbreviations: MOPS, morpholinopropane sulfonic acid; P*, inorganic phosphate; EDTA, ethylenediamine tetraacetic acid; TCA, trichloracetic acid. Reprint requests to Dr. H. Walter. 0341-0382/79/1200-1224 $01.00/0 vation effect. In order to give proof of tight vesicles by a method independent from ATPase-and phos phorylation measurements the effect of tightness was tested on the rate of ouabain binding. The infor mation about the sidespecific reactivity of ouabain or Mg2+ is discussed with the known sidedness of the inhibitory binding site in N a+,K +-ATPase. In exper iments with intact cells it has been shown that oua bain interacts with the enzyme from one side only. In squid axon ouabain was inhibitory when applied to the extracellular medium [10] . In analogy ghosts reconstituted from lysed red cells seem to bind oua bain from the outside [11] . In agreement with these experiments a model is presented (Fig. 8 ) which as sumes that ouabain acts on both sides of the m em brane; on the outside in right-side-out vesicles and on the inside in inside-out ones. On the basis o f this model results known from the literature are dis cussed which give evidence for heterogeneity of bind ing sites [12] [13] [14] [15] [16] [17] .
Materials and Methods

M aterials
Plasma membrane vesicles were isolated from sheep kidney medulla by a gradient centrifugation procedure described earlier [8 , 9] adapted for the use of zonal rotor gradient centrifugation. Vesicles were stored in isotonic sucrose and generally used w ithin Samples were filtered and washed with 20 ml of so lution containing 0.5 mM unlabeled ouabain at 0 °C three times on m icrofilters and counted in a liquid scintillation counter. In contrast to the incubation medium the washing solution was free of isotonic sucrose. This treatm ent bases on the assumption that in the absence o f sucrose vesicles were rather perm e able to ouabain so that intravesicular ouabain not bound to the receptor was removed. If not otherwise described unspecific binding was determ ined by in cubation of an aliquot of the samples with ouabain of a specific activity identical to that obtained after di lution with the stopping solution. The further treat ment was identical to that described for the specific ouabain binding. Unspecific labeling was generally less than 10% o f total ouabain binding.
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Results
The effect o f membrane tightness on the rate o f bind ing o f ouabain in plasm a membrane vesicles
In order to detect possibly existing intravesicular ouabain binding sites the effect of leak producing agents on ouabain binding kinetics was examined. Thereby it was assumed that the drug added to the extravesicular space could not attack binding sites located on the inside in tight vesicles. Fig. 1 shows (Pi + Mg2+)-supported ouabain bind ing to plasma m em brane vesicles incubated in the presence (upper curve) and in the absence of isoto nic sucrose (lower curve). In the absence of sucrose binding saturates after 20 min at a level of 500 pmol ouabain • mg prot.-1. This value is enzymatically sig nificant because it is in the range of the concentra tion of the phosphoenzym e m easured after sim ilar osmotic treatm ent of vesicles before the addition of [32P] ATP (300 pmol ± 8 0 (n = 6 ) pmol 32P • mg prot.-1). In isotonic sucrose however, the rate of ini tial binding o f ouabain is about three times slower. The concentration of the ouabain-enzym e-com plex does not approach the value obtained by osmotic shock even after 90 min incubation with ouabain. From these results it was concluded that hypotonic treatment activated both the rate and the extent of binding of ouabain. Furtherm ore it was inferred that increased perm eability of the vesicles for one of the ligands of the N a +,K +-ATPase was contributing to increase in the rate of binding of ouabain, namely that of Mg2+, Pi or of ouabain itself. This assum ption is based on the observation that sucrose diminishes passive fluxes o f small molecules in m em branes [18] .
In order to substantiate this interpretation and exclude a possible unspecific effect of sucrose on oua bain binding, vesicles were treated with phospholipaseA in the presence of isotonic sucrose. U nder these conditions plasma m em branes should undergo lipolysis of nonessential phospholipids but N a +, K +-ATPase should not be im paired. Consistent with this interpretation is the fact that under sim ilar condi tions acceleration of N a +-activation of phosphoryla tion from A TP is achieved (unpublished results). In the ouabain binding experiments vesicles were first incubated with phospholipase A at 0 °C. Then [3H] ouabain was added together with Mg2+ and Pj to initiate binding of ouabain. Incubation with Mg2+ and Pi was perform ed both at 0°C (Fig. 2 ) and 20 °C (Fig. 3) . As shown in Fig. 2 phospholipase A activates ouabain binding at 0°C after 10 sec al ready to 40 pmol from 20 pmol in the nondigested control. A fter this rapid initial phase a linear in crease of [3H] ouabain incorporation follows, which is almost 4 tim es as high as the untreated control (in crease from 70 to 275 pmol ouabain • mg prot.-1). At 20 °C (Fig. 3) however, the differential increm ent between 10 sec and 8 h was not significantly in creased com pared to the control. At this tem pera ture phospholipase A essentially activates the rapid initial com ponent from about 170 to 500 pmol.
From the effect of hypoosmotic treatm ent and phospholipase A it was concluded that perm eability of the vesicles for one of the ligands involved in the binding reaction may have determ ined rate and ex tent of ouabain binding. The assum ption that lipids obstruct the access o f substrates to the intravesicular face of the m em brane is supported by the observa tion that 0.5% album in influences level o f binding. W hen album in was added to the incubation mixture together with phospholipase A (compare ref. [19] ) the starting value o f binding m easured at 20 °C is reduced from about 500 pmol to 350 ± 5 0 (n = 2). Album in is known to bind lysophosphatides and fatty acids produced by phospholipase A, which normally would m ake the m em brane leaky.
The effect o f M g2+ concentration on the rate o f oua bain binding
In a test for vesicles with low perm eability to Mg2+ the preparation was first incubated with Mg2+ and there after binding was started with [3H] ouabain. As shown in Fig. 4 the initial ouabain binding value increased about twofold com pared to the control after 24 h preincubation with Mg2+. This level seems to be not significantly increased when Mg2+ was pres ent for 46 h before the addition o f ouabain. In con trast binding m easured after 24 h still was dependent on Mg2+, as if Mg2+-incubation determ ined the yield of ouabain-enzym e-com plex. Since this effect was so slow it was assumed that it took several days for Mg2+ to reach an equilibrium on both sides of the membrane. Obviously vesicles were tight for Mg2+.
Evidence fo r heterogeneity o f binding sites
In order to saturate the enzyme with Mg2+ and im prove the reactivity o f possible existing vesicles tight for Mg2+, the Mg2^concentration was raised to 10 m M and binding of cardiac glycosides measured at low concentrations of ouabain. Fig. 5 shows that ouabain binding was considerably accelerated com pared to Fig. 4 , since and equilibrium was obtained after 1 h incubation with 5.0 |iM ouabain. Apparently there were enough empty ouabain binding sites re maining since a second incubation with 50 fiM ouabain led to a further increase in ouabain binding level.
Effect o f the concentration o f ouabain on the rate o f form ation o f the ouabain-enzyme-complex
In a further experim ent the effect of high concen trations of ouabain was tested on the initial rate of ouabain binding. As shown in Fig. 6 rate of binding of ouabain was roughly proportional to the ouabain concentration in the range tested (up to 100 |i M ) . Since the rate of ouabain binding was influenced by concentrations more than 1 0 0 fold above the disso ciation constant [15] , the possibility was considered that interaction o f the enzyme with ouabain was ob structed in vesicles oriented with the ouabain binding site to the intravesicular space.
This assumption implies that binding kinetics were influenced by the diffusion of ouabain into the vesicles. 
Comparison o f rate o f binding o f ouabain with that o f digitoxin
In a further experiment the cardiac glycoside oua bain was replaced by its congener digitoxin and rate of initial binding measured at 0°C and 20 °C. As shown in Fig. 7 rate binding of digitoxin was 2.3 fold more rapid than in the control with ouabain. This in crease also is maintained at 20 °C. Since digitoxin is more lipophylic than ouabain, the possibility was con sidered that higher permeability of the membrane for digitoxin was responsible for the increase in the rate o f binding of the cardiac glycosides. An activating effect due to the difference in binding constants was also considered.
Discussion
In this paper osmotic shock and treatm ent with phospholipase A were used to check the influence of m embrane integrity on ouabain binding in a vesicu lar ATPase preparation. Both procedures make the membrane perm eable to small molecules. The effect o f detergents on ouabain binding was not tested in order to avoid possible side effects on the N a +, K +-ATPase as seen from the progressive inhibition o f the N a +, K +-ATPase activity at high detergent con centrations [8 ] . Binding of ouabain was studied in the presence o f Mg2+ and P i. U nder these conditions permeability of Mg2+, Pj and ouabain has to be ta ken into account. As shown in the erythrocyte, cell membranes seem to be rather perm eable to inorga nic phosphate [4] ,
M g2+-permeability
In order to lower the passive perm eability of the plasma mem brane vesicles to these ligands of the N a +,K +-ATPase and detect possible tightness effects on the initial rate of ouabain binding, experiments were performed at 0 °C. Phosphorylation experi ments gave evidence that vesicles are tight for sodi um at this tem perature [9] , Because o f the low per meability to N a +, it is unlikely that Mg2+ added to the extravesicular volume could initiate phosphory lation from Pi on the inside in right-side-out vesicles. An effect o f Mg2+ on ouabain binding was detected with a time constant of days. Although a slow con formational change cannot be excluded it seems to be probable that this divalent cation had to penetrate the interior of the vesicles and bind to the intra cellular side o f the membrane. The sidedness for Mg2+ is difficult to dem onstrate in the erythrocyte since it seems to be impossible to reseal erythrocyte ghosts in the presence of Mg2+ [4] , The initial level of the ouabain-enzyme-complex seen in Fig. 4 could be related to the portion of vesicles leaky to Mg2+. As shown in Fig. 3 phospholipase A changes the num ber of binding sites at equilibrium as if vesicles were made perm eable to Mg2+. In this respect the effect of phospholipase seems to correspond that of hypoto nic treatment.
Since temperature also did alter the amount of oua bain bound im m ediately after the addition of oua bain (compare Figs 2 and 3) , it was considered that the perm eability of vesicles to Mg2+ was dependent on the tem perature. As shown in Fig. 5 the addition o f 10 mM Mg2+, a concentration far above that to sat urate the enzyme, was able to accelerate the rate with which an equilibrium was obtained. Once the level was reached only a slow increase of binding was observed (Figs 1 and 3 ). Could this mean that vesicles are heterogeneous with respect to perm ea bility to Mg2+?
Ouabain perm eability
Although the above mentioned factors could com plicate binding of ouabain in right-side-out vesicles, especially in experiments, in which both Mg2+ and ouabain were present in high concentration, it is dif ficult to explain the effect of high concentrations of ouabain alone on the basis of Mg2+ permeability (Fig. 6 ).
As shown in Fig. 7 rate of binding was dependent on ouabain at concentrations more than 10 0 fold higher than the association constant. If not the asso ciation constant could account for slow binding it could have been slow passive influx into possibly existing inside-out vesicles. However, this does not mean, that the values measured, was ouabain which was entrapped in vesicles. Free ouabain supposedly is removed from the vesicles by washing with hypo tonic buffer. The hypothesis that vesicles were attack ed by intravesicular ouabain implies that Mg2+ and Pi acts from the outside. Indeed this component of binding was visible at low concentrations of Mg2+ where the cation probably cannot act from the intra vesicular face of the membrane. The rapid compo nent observed in Fig. 1 also could be dependent on ouabain that passively entered the vesicles. Hypoto nic treatm ent did influence rate of binding more than the level of the ouabain-enzyme-complex in the equilibrium . Phospholipase A similarly activates the initial rate of binding at 0 °C, but not at 20 °C. At elevated tem peratures vesicles supposedly are leaky anyway, so that the effect of phospholipase A is not visible. The hypothesis o f intravesicular binding si tes appears to be related to several observations known from the literature. In earlier experiments Triton X-100 was shown to enhance ouabain-caused inhibition of the phosphorylation, as if this drug pe netrated more rapidly into inside-out vesicles m ade leaky by Triton X-100 [8 ] . Treatm ents with deter gents such as Triton X-100 or dodecylsulfate [21] with N aC 104 [13] , lypolytic enzymes [16, 20] or sonication o f the enzyme [12] seem to be equivalent in the sense that these procedure remove lipids from the vesicles and make them leaky to ligands of the N a +,K +-ATPase like ouabain. Increased perm eabili ty for ouabain would be responsible for the observa tion that aged N a +, K +-ATPase preparation were more rapidly inhibited by ouabain than fresh ones [7] , This is consistent with the experience that the rate o f the initial phase o f ouabain binding varies with the age of the preparation as if tightness for ouabain decreases with storage of the vesicles (see Fig. 4 ). It is known whether tightness o f the cell m em brane to cardiac glycosides has any physiologi cal significance. Experiments with Hela cell [22] and erythrocytes [24] have shown that the binding com ponent saturable at low concentration is responsible for the inhibition of the pum p whereas the "nonsa turable com ponent" was uptake into the cell. In N a +, K +-ATPase preparations isolated in the pres ence of detergents the permeability and orientation of the m em brane certainly do not influence kinetical properties of enzyme. There are results however pub lished in the literature that suggest the existance of vesicles in some preparations [12, 13, 16, 23] . The tightness o f other preparations is not known entirely. This is also true for these experiments on which the sequential model of the N a +,K +-ATPase bases [5] .
This paper wants to make clear that it is im portant to take into account tightness and orientation in oua bain binding experiments with isolated plasma membrane vesicles. The tightness tests for ouabain and Mg2+ base on the asymetric reactivity of the N a +, K +-ATPase for these ligands in the intact cell. If indeed ouabain is accepted only from the side of the m em brane which is opposite to where Pi and Mg2+ or ATP is bound two vesicles exist in the pre paration ( bain on the inside and right-side-out ones, with the binding sites facing the outside. The results present ed here however, suggest heterogeneity of ouabain binding sites within the inside and the outside orient ed fractions. There is a model that could provide an explanation for some of the observations. Namely the flip-flop dim eric model proposed by Grosse et al. [25] and Schoner [17] . It assumes two sets of sites one with low and one with high affinity for ouabain. In this view slow and fast reacting sites would be equivalent to high and low affinity ones. This assumption is attractive especially through the possible 1 to 1 stoichiometry seen in Figs 1, 2 , and 5. This means that initial rates would not only be de termined by diffusion of ouabain or Mg2+ but also by the affinity constants for these ligands.
However, on the basis of this model it is difficult to explain the effects of phospholipase A or osmotic shock.
If not the dim eric model could explain the observ ed heterogeneity it could be the presence of sites with unknown functionality. The question that arises is whether ouabain is bound in inside-out vesicles exclusively from the inside or whether there is an ex travesicular ouabain binding site whose function is not known. Until further experiments are m ade in which the effect of ouabain is studied on the phos phorylation it is not possible to reconcile the flipflop model with the orientation hypothesis.
